Abstract In 2 O 3 quantum dots with a high crystallinity were deposited on the surface of ZnO nanorods through a chemistry bath method. The resulting In 2 O 3 -sensitizing ZnO nanorod arrays not only exhibited enhanced photoelectrochemical activity for water splitting under visible-light irradiation, but also possessed anti-photocorrosion property. The photo-induced charge-transfer property of In 2 O 3 could be improved greatly by coupling with ZnO. This observation demonstrated that the heterojunction at the interface between In 2 O 3 and ZnO could efficiently reduce the recombination of photo-induced electronhole pairs and increase the lifetime of charge carriers and therefore enhance the photo-to-current efficiency of the In 2 O 3 -ZnO nanocrystalline arrays. It reveals that the heterojunction construction between two different semiconductors plays a very important role in determining the dynamic properties of their photogenerated charge carriers and their photo-to-current conversion efficiency.
Introduction
Hydrogen is considered to be the most viable energy carrier for the future and its production at the present time is mainly derived from fossil fuels (Steinberg and Cheng 1989) . Alternatively, photocatalytic and photoelectrochemical water splitting for hydrogen production offers a promising way for clean, low-cost, and environmentally friendly production of hydrogen by solar energy. Early work of photoelectrochemical hydrogen production was reported by Fujishima and Honda in 1972 , who applied single-crystal TiO 2 semiconductor photoanode in the photocatalytic decomposition of water (Fujishima and Honda 1972) . Subsequently, scientific and technical interests in semiconductor photocatalysis have grown significantly. Currently, extensive studies in this area are mainly focused on inorganic n-type semiconductor materials with wide band gaps, such as TiO 2 (Fujishima and Honda 1972; Xiang et al. 2012; Ni et al. 2007; Hashimoto et al. 2005) , SrTiO 3 (Iwashina and Kudo 2011) , SnO 2 (Vinodgopal and Kamat 1995) , Sn 2 Nb 2 O 7 , and self-doped K 4 Nb 6 O 17 .
Zinc oxide (ZnO) is a direct band gap semiconductor with energy gap of about 3.37 eV at room temperature. This material has been extensively studied in photoelectrochemical hydrogen production from water splitting (Wolcott et al. 2009; Maeda and Domen 2010; Liu et al. 2011; Maeda et al. 2005) , photocatalytic degradation of organic pollutants (Daneshvar et al. 2004; Sakthivel et al. 2003; Ying et al. 2013; Mclaren et al. 2009; Wang et al. 2012) , dye-sensitized solar cells (Luo et al. 2011; , photoluminescence materials (Pozina et al. 2010; Shana et al. 2005) , gas sensing (Ahn et al. 2009; Navale et al. 2009 ), etc. Compared with TiO 2 , which was the first semiconductor material applied in photoelectrochemical conversion, ZnO is considered as a suitable substitute for the application in photoelectrochemical water splitting and photoelectrochemical cells due to the similar energy-band structure with TiO 2 and high electron transfer rate (Fu et al. 2012; Sun et al. 2009 ).
However, one disadvantage of using ZnO photoanode for the photoelectrochemical splitting water to produce hydrogen is that the photo-to-current conversion efficiency should be further improved. Moreover, ZnO semiconductor suffers from the photo-induced dissolution, which greatly decreases its photocatalytic activity. The ultraviolet response properties also limit its further application in the area of hydrogen production. Therefore, semiconductor materials that respond to visible light with high efficiency must be developed to facilitate further application of this technology.
One-dimensional TiO 2 and ZnO nanotube (Zhang et al. 2014; Omar and Abdullah 2014; Sui et al. 2013; Sun and Yan 2014; Moradian et al. 2014) , nanorod (Liu et al. 2009; Lou and Chen 2014; Zhao et al. 2006; Yu et al. 2007) , and nanobelt Hu et al. 2012 ) array structures have recently been widely used in photoelectrochemical hydrogen production from water reduction. These semiconductor materials with a one-dimensional ordered nanostructure showed significantly better properties compared with disordered semiconductor nanoparticle film structures. Nanostructure semiconductor materials grown perpendicular to the conductive substrate can streamline the electron transfer pathways and effectively suppress charge recombination probability of photogenerated electrons and holes. Moreover, these nanostructures have a large specific surface area, which could provide a large number of loading sites for other semiconductor materials that respond to visible light. In addition, combining a semiconductor with a metal or coupling two different semiconductors to form a heterostructure is another way to promote the overall charge-transfer efficiency and to increase the lifetime of charge carriers (Li et al. 2014a; Jiang et al. 2011) . Several types of materials have been investigated as semiconducting catalytic materials for photoelectrochemical hydrogen production. Especially, heterojunction semiconductors, which show good physical properties, e.g., semiconductor/semiconductor, metal oxide semiconductor/ metal oxide semiconductor, semiconductor/metal, and metal oxide semiconductor/metal, core shell onedimensional nanoheterostructures, have attracted great interest in photoelectrochemical process. The tailored nanostructure reduces the doping defects which can suppress the recombination of photogenerated charge carriers, resulting in an improved photocatalytic activity (Kargar et al. 2013) .
Alternatively, researchers could use narrow band gap semiconductor materials in combination with these inert semiconductors and fabricated inorganic semiconductor quantum dot-sensitized visible-lightresponsive photoelectrodes, such as CdS quantum dotsensitized TiO 2 nanotube arrays (Li et al. 2014a) , to provide metals with photoelectrochemical hydrogen production. Nevertheless, most of these narrow band gap quantum dots are unstable in ambient environments, and they could potentially trigger environmental pollution. Therefore, an environment friendly, and visible-light-responsive n-type semiconductor material with adequately negative conduction band potential must be developed to promote the applicability of this technology.
Indium oxide (In 2 O 3 ) is one of the important transparent conducting oxides (TCOs) that are useful in applications such as gas sensor (Patel et al. 2003; Zhang and Zhang 2012) , the indium-tin oxide (ITO) conductive glass (Ting et al. 2011) , solar cells (Sun and Ouyang 2012; Hu et al. 2011) , photoelectric devices (Brinzari et al. 2010) , liquid crystal displays ), etc. As an indirect band semiconductor with a direct band gap of 3.6 eV and an indirect band gap of 2.8 eV, In 2 O 3 had also been used as an efficient narrow band gap semiconductor to couple with wide band gap semiconductor so as to extend the absorption spectra of the latter one from the UV region into the visible region. Recently, a variety of such kind of photocatalysts with heterostructure have been prepared, including nanoparticles, films, and so on. Because the band gap of In 2 O 3 (E g = 2.8 eV) is smaller than that of ZnO (E g = 3.2 eV), but the conduction band (CB) of In 2 O 3 (E CB for In 2-O 3 = -0.63 V versus NHE) is higher than that of ZnO (E CB for ZnO = -0.4 V versus NHE), an efficient heterostructure between In 2 O 3 and ZnO could be formed for the separation of photogenerated charge carriers. The formation of this structure favors for the separation of photo-induced electrons and holes and thus improved the photoelectrochemical efficiency of the heterostructure dramatically.
In the present work, ZnO arrays with relatively long nanorods were formatted on a Ti plate substrate by applying a hydrothermal method. Subsequently, In 2 O 3 nanoparticles with relatively high crystallinity were deposited onto the ZnO nanorod surfaces using a chemistry bath method. It can be observed that ZnO nanorod arrays decorated with In 2 O 3 could exhibit good anti-photocorrosion performance. The photoinduced charge-transfer property of In 2 O 3 could also be improved greatly by coupling with ZnO. The heterojunction at the interface between In 2 O 3 and ZnO could efficiently reduce the recombination of photoinduced electron-hole pairs to increase the lifetime of charge carriers and thus enhance the photo-to-current efficiency of the In 2 O 3 -ZnO nanocrystalline arrays.
Experimental section

Preparation of ZnO nanorod arrays
The preparation of ZnO on the Ti substrate was primarily based on the method used by Law et al. with minor modifications. First, a ZnO nanoparticle seed layer was deposited onto the Ti substrate ([99.6 % purity; 5 cm 9 1 cm) by applying the following steps: 0.01 mol of zinc acetate and 0.012 mol of diethanolamine were dissolved in 25 mL anhydrous alcohol. A homogeneous sol was formed after 30 min of stirring at 60°C. This sol was dispersed onto the Ti substrate by dip-coating method (1 cm min -1 pulling rate) to form a sol film. A uniform ZnO nanoparticle seed layer was formed after heating the sol film at 500°C for 10 min. A total volume of 100 mL mixed solution containing 2.5 mmol of zinc acetate, 2.5 mmol of hexamethylene tetramine, and 0.6 mmol of polyethyleneimine was then prepared and stirred for 20 min in an ice bath. Subsequently, 80 mL of the above-mixed solution was transferred to a polytetrafluoroethylene tube with a total volume of 100 mL. The Ti plate prepared with a ZnO nanoparticle seed layer was immersed into the solution and faced down, maintained at a certain angle versus the tube wall, and hydrothermally reacted for 4 h at 95°C. The prepared sample was repeatedly rinsed with deionized water and anhydrous alcohol. After that, it was annealed at 500°C for 1 h. The hydrothermal reaction was repeated for one more time to increase the length of the ZnO nanorods. All reagents used in this study were analytical ones from licensed reagent companies.
Preparation of In 2 O 3 -sensitized ZnO photoanodes
The In 2 O 3 -sensitized ZnO nanorod arrays photoanode was prepared through the following steps: 0.15 mol L -1 of indium nitrate solution and 0.15 mol L -1 of citric acid solution were first prepared. The solution was refluxed for 3 h and rotary evaporated to form a wet sol state, which would be used as In 2 O 3 -precursor. The ZnO film was dipped into the precursor solution for 2 min, pulled slowly, rinsed, and dried. The films in this step repeated for once, twice, and triple times were denoted as ZnO-In 2 O 3 -1, ZnO-In 2 O 3 -2, and ZnO-In 2 O 3 -3, respectively. Then, all the samples were repeatedly rinsed with deionized water and anhydrous alcohol and hydrothermally grown at 150°C for 3 h. Then copper wire was stuck using conductive silver tape and isolated with parafilms after the conductive silver tape was dried.
Characterizations of the thin film
The morphologies and the elemental compositions of the prepared photoelectrodes were analyzed using a scanning electron microscope (SEM) (JSM-6700F; JEOL, Tokyo, Japan) with an energy dispersive spectrometer (EDS) (INCA Energy, OXFORD). The crystalline structures of the photoelectrodes were identified through X-ray diffraction (XRD) (D/ MAX-2500/PC; Rigaku Co., Tokyo, Japan). The In 2 O 3 distribution onto the ZnO nanorod surfaces, and the In 2 O 3 -ZnO interface bonding information were analyzed using a high-resolution transmission electron microscope (HRTEM, FEI Tecnai G20). The optical absorption properties of the photoelectrodes were investigated using a UV-Vis diffuse reflectance spectrophotometer (U-41000; HITACHI, Tokyo, Japan).
Photoelectrochemical measurements
A three-electrode system was employed to measure the photo-induced volt-ampere characteristic curve (I-V curve) and the variations of the photo-induced current density with time (I-t curve) of the prepared photoelectrodes using the CHI760C Electrochemical Workstation (Shanghai Chenhua Instrument Co., Ltd., Shanghai, China). The photoelectrodes (1 cm 9 1 cm), Ag/AgCl, and platinum electrode acted as the working, reference, and counter electrodes, respectively. The electrolyte was 0.5 mol L -1 Na 2 SO 4 solution. The I-V curves were measured from -1.5 to 1.0 V with a scanning rate of 0.05 V s -1
. The gap between the switching on and turning off of the light was 1 s. The I-t curves were measured at a 0 V bias potential. The white light source was a 300-W Xe arc lamp (PLS-SXE300, Beijing Changtuo Co. Ltd., Beijing, China) with an optical intensity of 265 mW cm 
Results and discussions
Surface texture of ZnO NRA and In 2 O 3 -sensitized ZnO photoelectrodes Figure 1 shows the SEM images of the ZnO NRA (a, b) as well as the In 2 O 3 -sensitized ZnO thin-film photoelectrodes after being hydrothermally grown for 1-3 times, respectively (c-h). From Fig. 1a and b, it can be seen that ZnO nanorods were grown evenly on the seed layer, and the rod length was approximately 4 lm. Longer nanorods could provide a larger number of loading sites for In 2 O 3 deposition. The nanorod exhibited a regular hexagonal growth with a diameter of approximately 100 nm. The morphologies of various amount of In 2 O 3 -sensitized ZnO NRA are shown in Fig. 1c-h . It can be clearly observed that the surface of ZnO is not as smooth as that of pure ZnO NRA, and the rods increased its thickness. These observations indicated that In 2 O 3 has been deposited onto the ZnO nanorod surface. Moreover, with the hydrothermally treatment time increasing from 1 to 3 times, In 2 O 3 with large particles can be found forming on the surface of ZnO NRA. Fig. 2b showed two clearly crystalline domains with a uniform interplanar spacings of 0.25 nm and 0.29 nm. These values correspond to the {101} facet of ZnO and {222} facet of the orthorhombic In 2 O 3 crystal, respectively. These observations demonstrated that the In 2 O 3 grew along the {111} plane. Moreover, it is clear that the crystal interface between ZnO and In 2 O 3 was closely combined, thus enabling the In 2 O 3 photogenerated electrons to transfer swiftly onto the ZnO and consequently inhibiting the recombination and thus enhancing the separation efficiency of the photogenerated electrons and holes effectively. Crystalline structure of ZnO and In 2 O 3 -sensitized ZnO Figure 3 shows the XRD patterns of the ZnO NRA and In 2 O 3 -sensitized ZnO. The crystalline structure of the ZnO nanorod is similar to that of a wurtzite structure. A high-intensity diffraction peak was observed in the ZnO (002) crystal plane, revealing that the ZnO nanorod was grown in a high orientation along (002) direction. The In 2 O 3 diffraction peak at 2h = 30.58°i ndicated that In 2 O 3 existed on the surface of ZnO in a cubic structure, and the higher peak intensities of the In 2 O 3 diffraction peaks indicated a relatively high crystallinity of the hydrothermally formatted In 2 O 3 .
TEM information
Photocorrosion suppression by surface hybridization of In 2 O 3
To evaluate the photostability of ZnO NRA and In 2 O 3 -sensitized ZnO, the recycled experiments for the photocurrent density varied with respect to time over ZnO NRA and In 2 O 3 -sensitized ZnO photoelectrodes at a bias potential of 0.5 V under white light on and off in 0.5 mol/L of Na 2 SO 4 solution were performed. The results are shown in Fig. 4 . For ZnO photoelectrode, in the first cycle of light on and off, a strong photoresponse signal can be observed from curve a. The photocurrent density arrived to 1.75 mA/cm 2 at once when the light is turned on. Unfortunately, after another three cycles of light on and off, the photocurrent attenuates quickly to less than 0.25 mA/cm 2 . This result suggests that ZnO photoelectrode is not stable; the photocorrosion resulted by the oxidation of photogenerated holes occurred seriously and reduced the photo-to-current conversion efficiency.
Interestingly, after ZnO NRA was surface hybridized with In 2 O 3 layers, longer photoelectrochemical reaction does not affect the photocurrent density apparently. From curve b, c, and d, it can be found that although the initial photocurrent density decreases in a different degree with respective to pure-ZnO NRA, the photocurrents over In 2 O 3 -sensitized ZnO NRA photoelectrodes are sustained with a continues on and off. After 3 cycles of light on and off, the photocurrent density over both ZnO-In 2 O 3 -1 and ZnO-In 2 O 3 -2 photoelectrodes are more intensive than that of ZnO, demonstrating that the photocorrosion property of ZnO nanorod arrays has been suppressed by the sensitization of In 2 O 3 quantum dots on the Enhanced photo-to-current conversion efficiency Figure 5 shows photo-induced voltage ampere characteristic curve (J-V curve) over ZnO nanorod arrays and In 2 O 3 -ZnO composite photoelectrodes, respectively. From these two curves, the enhancement in the photo-to-current conversion efficiency of In 2 O 3 -sensitized ZnO composite photoelectrodes with respect to pure-ZnO NRA can be clearly observed. Moreover, according to the J-V curve of ZnO NRA, the onset potential of photo-induced current was generated at -0.5 V with respect to Ag/AgCl standard electrode. While the onset potential of the In 2 O 3 -sensitized ZnO composite photoelectrode negatively shifts to -0.6 V. After being hydrothermally grown twice, the In 2 O 3 -sensitized ZnO NRA achieved an extremely high photo-to-current efficiency. However, we have also studied the photoelectron-chemical performance of the series of In 2 O 3 -sensitized ZnO NRA photoelectrodes under visible light for efficient solar energy utilization. Figure 6 shows the I-t curves obtained at a 0 V bias potential under visible light. For the photoelectrodes without In 2 O 3 , a negligible photo-induced current was generated, as shown in Curves 6a. The ZnO absorption wavelengths are known to be less than 380 nm, it cannot absorb visible light. This small photogenerated current density may be attributed to the inevitable faint UV light leakage from the light filter. Interestingly, the photo-induced current density of the In 2 O 3 -sensitized ZnO NRA that was hydrothermally grown twice reached 38 lA cm -2 . This result indicates that the majority of the photogenerated current was contributed by the visible-light absorption of the photoanodes. The In 2 O 3 -sensitized ZnO NRA that was hydrothermally grown twice can provide more loading sites for In 2 O 3 quantum dots than hydrothermally grown only once. Therefore, the visible-light absorption of the former photoelectrodes is more complete than that of the latter. The photoelectrodes can thus generate high current density after UV light filtration.
The enhancement mechanism for photoelectrochemical property It shows from above results that the In 2 O 3 -sensitized ZnO nanorod arrays not only exhibited enhanced photoelectrochemical hydrogen production activity under visible-light irradiation, but also possessed antiphotocorrosion property. The photogenerated electrons will transfer along the photoelectrode to the counter electrode and produce the photocurrent, while the photogenerated holes will react with other species on the conduction band and result in the oxidation of ZnO. In the present study, the ZnO nanorods suffered serious photocorrosion during the photoelectrochemical process. Inevitably, the photoelectrochemical activity was significantly decreased, and even the morphology and composition of the nanoparticles varied. However, as the ZnO nanorod arrays were encapsulated with In 2 O 3 nanoparticle layers, the photocorrosion was efficiently suppressed, and the stability was also significantly improved. The reasons are then proposed as follows.
For pure-ZnO thin film, most of the generated h ? would participate in the reaction of photocorrosion, as shown in Fig. 7a . As the surface of ZnO was encapsulated by In 2 O 3 nanoparticle layers, a more powerful n-n junction electric field was formed between In 2 O 3 and ZnO, improving the transfer capacity of the photogenerated electrons and holes on the interface. Because the conduction band potential of In 2 O 3 is more negative than that of ZnO, the photogenerated electrons can flow from the conduction band of In 2 O 3 into that of ZnO, while the photogenerated holes may transfer to the conduction band of In 2 O 3 . Therefore, the In 2 O 3 nanoparticle could gather the holes on the surface of ZnO, which would reduce the direct oxidation of ZnO with surface holes h ? and thus suppress the serious photo-induced dissolution.
Furthermore, the n-n junction electric field formed between In 2 O 3 and ZnO can also be used to explain the significant promotion of the photo-to-current performance of the In 2 O 3 -sensitized ZnO. The heterojunction thus efficiently facilitates the transfer of electrons mobility in In 2 O 3 and increases the intensity of the interfacial electric field, thus exhibiting an efficient photoelectrochemical hydrogen production capacity from water reduction.
Conclusions
ZnO NRA with comparatively long nanorods was successfully prepared on a Ti substrate by applying a hydrothermal method twice. In 2 O 3 nanoparticles with a high crystallinity and diameters of 50 nm were hydrothermally deposited as a compact and single layer onto the ZnO nanorod surface. In 2 O 3 -sensitized ZnO NRA could efficiently promote photogenerated electron mobility and increase the intensity of the interfacial electric field, thus exhibiting an efficient photoelectrochemical hydrogen production capacity from water reduction. The In 2 O 3 -sensitized ZnO NRA after being hydrothermally grown twice exhibits a potential application in photoelectrochemical hydrogen production from water reduction under sunlight. Sciences (No.50878107 and No. 41206067) . The China Postdoctoral Science Foundation (No. 214M551869) is also gratefully acknowledged.
